Computer simulation to control environmental impact of water and nitrate leaching in furrow irrigated fields by English, Marshall J. & Cuenca, Richard H.
AN ABSTRACT OF THE THESIS OF
Sved Navaid Raja for the degree of Master of Science in Bioresource Engineering
presented on July 8, 1994.
Title : Computer Simulation to Control Environmental Impact of Water and Nitrate
Leaching in Furrow Irrigated Fields
Abstract approved :
MarshaJ. English
Nitrate contamination in ground and surface waters is of great concern to
environmentalists. A two-dimensional model of water and solute movement in soils was
used to test the usefulness and relative advantages of a two-dimensional model over a one
dimensional model for analysis of deep percolation and nitrate leaching in furrow
irrigation.
The predictive ability of the model was evaluated using data collected in a series
of preliminary field studies. Two methods were used to calibrate the model. First, the
cumulative infiltration simulated by the model was compared with an infiltration curve
derived from field data. Secondly, soil water potential data were used to compare the
observed movement of a wetted front in the soil profile. The calibration results closely
followed the two dimensional flow pattern in furrow irrigation.
The model was used both in a one-dimensional mode and a two-dimensional
mode. Comparison of one-dimensional and two-dimensional models was accomplished
using the two-dimensional model, with uniform infiltration across the surface boundary
to represent the one-dimensional case, and with infiltration only across the furrow surface
Redacted for Privacyfor the two-dimensional case. Evaluation of water and nitrate leaching was observed for
alternate furrow irrigation as well as every-furrow irrigation with three different furrow
spacings; 76, 86, and 102 cm. These results showed that the one-dimensional model
always under estimates the leaching amount in comparison to the two-dimensional model.
In some cases the one-dimensional model predicted no leaching of water and nitrate
below the root zone though leaching was predicted by the two-dimensional model.
Evaluation of alternate and every furrow irrigation with different furrow spacing
indicated that the leaching amount increased rapidly with the increase of furrow spacing.
Under furrow irrigation, attempts to irrigate the soil profile to a level less than, but close
to, field capacity will result in leaching. Therefore different irrigation management is
needed to minimize leaching.
Additionally, the model suggests that the sealing layer which forms in the bottom
of the furrow drastically reduced the infiltration rate because of the very low saturated
hydraulic conductivity in that area. Sealing layer had a significant effect on the
performance of SWMS_2D model, and made the model unusable where high input
volume were required.Computer Simulation to Control Environmental Impact of Water and Nitrate Leaching
in Furrow Irrigated Fields
by
Syed Navaid Raja
A THESIS
submitted to
Oregon State University
in partial fulfillment of
the requirements for the
degree of
Master of Science
Completed July 8, 1994
Commencement June 1995APPROVED :
Professor of Bioresource Engineering in charge of major
Head of department of Bioresource Engineering
Dean of Graduate S
Date thesis is presented
Typed by
July 8, 1994
Syed Navaid Raja
Redacted for Privacy
Redacted for Privacy
Redacted for PrivacyACKNOWLEDGEMENTS
BISMILLAH-IR-REHMAN-IR-RAHEEM: In the name of God, the Beneficent,
the Merciful (Al-Quran). All praise to be All Mighty Allah (God) who is Creator and
Sustainer of the Whole Universe. I am highly indebted to All Mighty Allah (God) for
providing the valuable opportunity to pursue studies in the United States of America and
keeping me on the right path.
Although words cannot express my appreciation to my major professor, Dr.
Marshall J. English, I would like to express my gratitude to himfor the consistent
guidance, encouragement, friendship, and technical as well as moral support which have
been so valuable during my study and research. I feel very honored to have worked under
his supervision.
My sincere gratitude is extended to my graduate committee members: Dr. Richard
H. Cuenca, of the Bioresource Engineering Department, for his helpful discussions and
encouragement for using SWMS model. Dr. Alan R. Mitchell, of the Crop and Soil
Science Department, for providing insights and his GMS data for calibrating the model.
Thanks also go to Dr. J. B. Zaerr, of the Forest Science Department, for serving as
graduate representative.
I am especially thankful to Dr. J. Simunek, of the U.S. Salinity Department, for
his modification of SWMS model according to my research objectives. I am also thankful
to Dr. Clint C. Shock, of the Agriculture Research Station, for his valuable and timely
support in getting the information required for my thesis.This work would not have been possible without the scholarship by the United
States Agency for International Development and Government of Pakistan for M.S.
Studies in the United States. I highly acknowledged their facilities and the services they
provided in helping me to achieve my target.
I want to take this opportunity to thank all my colleagues of the Bioresource
Engineering Department for their help and cooperation during my stay at Oregon State
University. I will never forget, in my lifetime, their friendship and the time I spent with
them.
I also owe thanks to Bob Mittelstadt for his continuous support and help in
working out my thesis problems. Special thanks to Shakeel Babar for his brotherly advice
during my stay and his wife for providing delicious Pakistani foods on many occasions.
Many of my friends: Aurang Zeb, Shafiq-ur-Rehman, Maqsood, Mazhar, Shahid, Rehan,
Dost, Haris, Tunio and others also deserve my appreciation for their wonderful company
during my stay in Corvallis.
Last, but not least, my loving, caring and wonderful mother deserves my heartiest
appreciation for her moral support throughout my life and remembering me in her prayers.
My acknowledgments for Khurram, my younger brother and best friend, who has very
bravely and wisely shouldered whatever responsibilities he has had to bear in my absence,
when being the oldest son I was supposed to take care of the family after my father. All
of my loving sisters also deserve my best wishes and appreciation for bearing me not
apart of their lives for a long long time. My nephews, Nabeel and Sehban, for their loving
and innocent moments whenever I talked on phone or visited them in New York.TABLE OF CONTENTS
INTRODUCTION 1
Introduction 1
Objectives 3
LITERATURE REVIEW 4
Ecological effects of nitrate 4
Nitrogen fertilizers and crop yield 4
Eutrophication in aquatic ecosystem 5
Nitrate in domestic water 5
Methemoglobinemia 6
Modeling of water and nitrate transport 7
One-dimensional and two-dimensional models 8
Non-Irrigation strategies to control leaching 10
Fertilizer management 10
Slow release fertilizers 12
Nitrification inhibitors 12
Cover crop 13
Irrigation alternatives to control leaching 13
Leaching in irrigation systems 14
METHODOLOGY 17
SWMS_2D model 17
Input parameters 19
Boundary conditions 20
Experimental procedures 21
Field description 21
Methods of measurements 23Calibration of the SWMS_2D model 27
Input parameters 28
Dry condition 31
Wet condition 31
Granular matrix sensors 34
Results of calibration; discussions 38
ANALYSIS 52
Initial conditions 53
Available capacity 55
Distribution of initial soil moisture 56
Applied water 58
Initial nitrate concentration in soil profile 59
Nitrate concentration in irrigation water 59
Assumptions 65
Defining the effective root zone 66
Evaluation of leaching in furrow irrigation 68
Estimates of deep percolation 69
Nitrate leaching 84
CONCLUSIONS AND RECOMMENDATIONS 89
Conclusions 89
Recommendations 90
LITERATURE CITED 91
APPENDIX 96LIST OF FIGURES
Figure 3.1:Soil moisture characteristic curve derived from van Genuchten
parameters. 25
Figure 3.2:Finite element mesh of soil profile indicating different soil layers.30
Figure 3.3:Initial volumetric water content for the dry condition.
Figure 3.4:Initial volumetric water content for the wet condition.
Figure 3.5:GMS pattern in the soil profile.
32
33
36
Figure 3.6:Comparative infiltration curves of Kostiakov and SWMS_2D
models for dry soil profile condition. 42
Figure 3.7:Comparative infiltration curves of Kostiakov and SWMS_2D
models for wet soil profile condition.
Figure 3.8:Initial soil water potential distribution before irrigation.
Figure 3.9:Soil water potential distribution after 12 hours of irrigation.
Figure 3.10:Soil water potential distribution after 24 hours of irrigation.
Figure 3.11:Initial soil water content distribution before irrigation.
Figure 3.12:Volumetric soil water content distribution after 12 hours
of irrigation.
Figure 3.13:Volumetric soil water content distribution after 24 hours
of irrigation.
Figure 4.1:Distribution of soil water by zone in the soil profile, after
irrigation on day one.
43
45
46
47
48
49
50
67Figure 4.2:
Figure 4.3:
Figure 4.4:
Figure 4.5:
Figure 4.6:
Figure 4.7:
Figure 4.8:
Comparative leaching amount in one-dimensional and
two-dimensional flow under alternate furrow irrigation for
21% of available capacity.
Comparative leaching amount in one-dimensional and
two-dimensional flow under every furrow irrigation for
21% of available capacity.
Comparative leaching amount in one-dimensional and
two-dimensional flow under alternate furrow irrigation for
27% of available capacity.
Comparative leaching amount in one-dimensional and
two-dimensional flow under every furrow irrigation for
27% of available capacity.
Leaching as percent of applied water in one-dimensional
and two-dimensional flow under alternate furrow irrigation for
21% of available capacity.
Leaching as percent of applied water in one-dimensional
and two-dimensional flow under every furrow irrigation for
21% of available capacity.
Net leaching as percent of applied water in one-dimensional
and two-dimensional flow under alternate furrow irrigation for
27% of available capacity.
72
73
74
75
79
80
81
Figure 4.9:Net leaching as percent of applied water in one-dimensional
and two-dimensional flow under every furrow irrigation for
27% of available capacity. 82
Figure 4.10:Nitrate leaching in one-dimensional and two-dimensional
flow under alternate furrow irrigation for 21% of available
capacity. 85
Figure 4.11:Nitrate leaching in one-dimensional and two-dimensional
flow under every furrow irrigation for 21% of available capacity. 86
Figure 4.12:Nitrate leaching in one-dimensional and two-dimensional
flow under alternate furrow irrigation for 27% of available
capacity. 87
Figure 4.13:Nitrate leaching in one-dimensional and two-dimensional
flow under every furrow irrigation for 27% of available capacity. 88LIST OF TABLES
Table 3.1:Parameters used to describe two sets of saturated hydraulic
conductivities and layer thicknesses of heterogenous soil. 34
Table 3.2:Comparative infiltration results of Kostiakov and SWMS_2D
models for dry soil profile condition. 40
Table 3.3:Comparative infiltration results of Kostiakov and SWMS_2D
models for wet soil profile condition. 41
Table 4.1:Parameters used to describe two sets of available capacity
and root zone depth. 54
Table 4.2:Parameters used to calculate the soil water potential for Case #1. 60
Table 4.3:Distribution of soil water potential according to the 4:3:2:1
rule for Case #1. 61
Table 4.4:Levels of application at 75%, 100% and 120% of depletion for
Case #1. 61
Table 4.5:Flux rate (cm/d) for alternate and every furrow irrigation using
75%, 100% and 120% of depletion for Case #1. 62
Table 4.6:Nitrate concentration (ppm) in irrigation water for alternate and
every furrow irrigation using 75%, 100% and 120% of depletion
for Case #1. 62
Table 4.7:Parameters used to calculate the soil water potential for Case #2. 63
Table 4.8:Distribution of soil water potential according to the 4:3:2:1
rule for Case #2. 63
Table 4.9:Levels of application at 75%, 100% and 120% of depletion for
Case #2. 64
Table 4.10:Flux rate (cm/d) for alternate and every furrow irrigation using
75%, 100% and 120% of depletion for Case #2. 64Table 4.11:
Table 4.12:
Table 4.13:
Table 4.14:
Table 4.15:
Table 4.16:
Table 4.17:
Table 4.18:
Table 4.19:
Nitrate concentration (ppm) in irrigation water for alternate and
every furrow irrigation using 75%, 100% and 120% of depletion
for Case #2.
Comparative simulated results of one-dimensional and
two-dimensional flow under alternate furrow irrigation
for 21% of available capacity (Case 1).
Comparative simulated results of one-dimensional and
two-dimensional flow under every furrow irrigation for
21% of available capacity (Case 1).
Comparative simulated results of one-dimensional and
two-dimensional flow under alternate furrow irrigation
for 27% of available capacity (Case 2).
Comparative simulated results of one-dimensional and
two-dimensional flow under every furrow irrigation
for 27% of available capacity (Case 2).
Leaching as percent of applied water in one-dimensional
and two-dimensional flow under alternate furrow irrigation
for 21% of available capacity (Case 1).
Leaching as percent of applied water in one-dimensional
and two-dimensional flow under every furrow irrigation
for 21% of available capacity (Case 1).
Net leaching as percent of applied water in one-dimensional
and two-dimensional flow under alternate furrow irrigation
for 27% of available capacity (Case 2).
Net leaching as percent of applied water in one-dimensional
and two-dimensional flow under every furrow irrigation
for 27% of available capacity (Case 2).
65
70
70
71
71
77
77
78
78Dedicated to the memory of my father
Dr. Syed NiamatullahComputer Simulation to Control Environmental Impact of Water and Nitrate
Leaching in Furrow Irrigated Fields
INTRODUCTION
INTRODUCTION
Intensive irrigation, farm mechanization, and agrochemical usages are some of the
practices observed by almost all to obtain high yield crop. Dependence on nitrogen
fertilizer has rapidly increased during the last few decades to maintain the high yields
required for farmers to remain profitable. This intensive use of fertilizer has been
associated with nitrate concentrations in ground and surface waters. The amount of nitrate
which leaches below the root zone eventually contaminate the ground water.
Nitrate leaching due to agriculture practices constitutes a significant environmental
pollutant and health hazard. More than 10 ppm of NO3-N in drinking water is considered
to be a health hazard according to WHO (World Health Organization) and EPA (Clesceri
et al., 1989).
Nitrogen in the form of nitrate is very susceptible to leaching from the root zone
if the water application by irrigation or natural rainfall exceeds the water holding capacity
of the soil. Therefore nitrogen management alone will not reduce the potential of nitrate
leaching. Nitrate leaching below the root zone is closely related to the time and rate of
application of both water and fertilizer. This project was therefore motivated by the need
to develop furrow irrigation practices which minimize deep percolation.2
In Pakistan, which possesses the largest contiguous irrigationsystem in the world
(Bogacki and Hoddinghaus, 1992), different provinces have different climaticconditions.
In Sindh province low rainfall and higher air temperature restrict theleaching below the
root zone. But in Punjab province the higher rain fall and lower airtemperature along
with intensive irrigation highly influence the leaching loses (Iqbal andSiddiqui, 1980).
Different irrigation strategies can reduce the nitrate leaching below theroot zone.
Leaching of water and nitrate are closely associated with the uniformapplication of
irrigation water. In furrow irrigation uniform application of irrigationwater is a difficult
task to achieve, because the advance and recession time cannot match in typicalpractices.
Therefore intensive research is needed to determine the factors which influencethe
leaching problems.
Mathematical models are the alternate tools to evaluate different factorsaffecting
the environment. These models can save a lot of time for lengthy and intensivefield
studies. Several one-dimensional and two-dimensional models have been developedand
used in the past few decades to predict water movement in the soil profile.Many studies
have been conducted using one-dimensional models. The results of these studiesindicate
that these models under-estimate the movement of water and solute in the soil(Comfort,
et al, 1992; and Clemente et al., 1994).
All furrow designs and operations worldwide are basedon assumption that lateral
distribution of water is uniform at any given point alonga furrow. The SCS design
guidelines for design depth of furrow irrigation describedas infiltration per unit length
which indicates one-dimensional model of distribution. This thesisquestions that
assumption.3
OBJECTIVES
The primary objective of this study was to test the usefulness and relative
advantages of two-dimensional models as compared with one-dimensional models when
used for analysis of furrow irrigation. SWMS_2D(Simunek et al.,1993), a two-
dimensional model distributed by the U.S Salinity Laboratory, was used for this study.
The work was carried out in three steps:
1. Calibration of the SWMS_2D model using field data: A limited calibration was
carried out to approximate the data collected in a series of field studies. It was
neither practical nor useful to attempt to precisely match the field data but the
calibration did produce a model which performed similarly to irrigated soils in
Malheur County, Oregon.
2. Analysis of water and nitrate leaching in furrow irrigation with different furrow
spacing and application depths.
3. Comparison of two-dimensional vs one-dimensional models for furrow irrigation.4
LITERATURE REVIEW
ECOLOGICAL EFFECTS OF NITRATE
Nitrogen fertilizers and crop yield
Nitrogenous fertilizers are the essential nutrient for agriculture production. In good
agricultural management practices these fertilizers increase the crop yield. On the other
hand the increasing concentrations of nitrate in ground and surface water have been
associated with unmanaged fertilizer applications. Studies conducted in past decades to
investigate the effectiveness of fertilizer applications indicate that wheat rarely utilizes
more than 50% of the applied nitrogen, and about 40-45% of the nitrogen is retained in
the soil profile (Oza et al., 1973, in: Arora et al., 1978; and Huffaker et al., 1978).
Crop yield respond closely to the fertilizer application. In the United States the
average corn yield has increased by 300 percent in the past 40 years and this increase is
associated with the extensive use of fertilizers (Aldrich, 1980). It was found that leaching
of nitrate significantly increased as fertilizer nitrogen rate increased when the applied
fertilizers exceed the crop nitrogen requirement (Roth and Fox, 1990; and Angle et al.,
1993).5
Eutrophication in aquatic ecosystem
Dissolvedorganicandothernutrientsareagrowingconcernforthe
environmentalist when it is added to receiving waters. The degradable organics draw
oxygen from the receiving water which decreases the oxygen level for aquatic life.
Nutrients, on the other hand, increase the growth of algae, causing eutrophication.
Nitrogen and phosphorous are the most important nutrients which stimulate eutrophication
(Spalding and Exner, 1993). The nitrate ion is relatively nontoxic to fish and other aquatic
creatures but it favors the growth of algae and plants which ultimately reduce the oxygen
level for fish (Patrick, 1973). It is estimated that more than 90 percent of the nitrogen
entering surface waters comes from nonpoint sources, of which more than 80 percent is
from agricultural lands (Feth, 1964).
Nitrate in domestic water
Health hazards that are closely associated with nitrate contamination in surface and
ground water result mainly from agricultural practices. Under conditions of intensive
agricultural production, the chances of environmental pollution of surface and ground
water by nitrates is high (Bauder et al., 1993). In surface water adjacent to fertilized land,
the nitrate concentration (3.5 mg/1) were high compared to those of surface water nitrate
concentration (0.4 mg/1) adjacent to unfertilized land (Filipovic et al., 1978).
The World Health Organization and U.S. Public Health Service recommend a
maximum of 10 mg/1 of nitrate nitrogen (NO3--N), or 1 mg/1 of nitrite nitrogen (NO2--N)6
for public drinking water (Clesceri et al., 1989). Water in rivers and lakes may or may
not be used for domestic purpose, whereas well water is considered as one of the major
source of drinking water. Nitrate concentrations in wells decline with depth. Researchers
at the Illinois State Water Survey measured nitrate concentration at depths from 0 to 21
feet under soils in which nitrates are usually relatively high in the upper few feet because
the soils are inherentlyrich in organic matter (Taylor, 1973). Infiltrated sewage and
nitrogen fertilizers are considered as the major sources of nitrate contamination in
groundwater (Kohl et al., 1971).
Methemoglobinemia
Nitrate is relatively nontoxic to humans. The bacterial conversion of ingested
nitrate into nitrite make this ion a health hazard which causes methemoglobinemia in
humans, especially infants. Adults normally are not affected by this disease due to their
well developed blood circulatory system (Siddiqui, 1993). Nearly all cases reported in the
United States of methemoglobinemia involving infants were associated with high nitrate
concentrations in domestic water used to make infant formula (National Academy of
Sciences, 1978). The United States Public Health Service standard was reexamined by the
National Academy of Sciences in 1978 as a part of an overall assessment of nitrates in
the environment. The study team reached the following conclusion:
"It appears therefore that a level of 10 mg/1 (the current U.S. Public Health
Service drinking water standard) affords reasonable protection to the majority of
newborns against methemoglobinemia derived from nitrate-contaminated water
supplies. Purely from the perspective of preventing methemoglobinemia, there is
little evidence to support a more stringent drinking water standard. On the other
hand, use of water containing 20 mg nitrate nitrogen per liter or more seems likely7
to increase significantly the number of infants at risk, unless extensive public
education programs alert the appropriate populations to avoid ingestion of high
nitrate waters by young infants."
In addition to methemoglobinemia some other diseases like heart disease and
cancer arealso associated with nitrate contamination in drinking water.Nitrate
concentration was less than 1 mg/1 in five out of six river basins in Colorado and 4.4 mg/1
in the Republican river basin. Hypertensive heart disease was about twice as high in the
counties of the Republican river as in counties in five other river basins (Aldrich, 1980).
MODELING OF WATER AND NITRATE TRANSPORT
Unmanaged fertilizer and irrigation practices make this issue critical around the
world. As discussed earlier, the best fertilizer and irrigation management can reduce this
environmental problem. Lengthy and very intensive field studies are required for water
and solute transport in soil flow domain. Computer models have become intensive tools
to predict water and solute movement in the soil.
Many simulation models were developed in the last few decades which contribute
to assess the different factors causing water quality problems. But these computer models
are not adequate to completely predict the field situations. Limitations of the models due
to different assumptions and unavailability of required intensive field data to calibrate the
models are the two major factors which limit the accuracy of simulation results.
Therefore, besides the availability of different mathematical models the validation of these
models under field condition has been limited (Comfort et al., 1993). Sometimes small
differences between two field data sets give completely different estimates (Smith et al.,8
1991; and Roth and Jury, 1993). Despite these difficulties the modelscan give a good
prediction for future field studies (Yeh, 1986).
One-dimensional and two-dimensional models
Several one dimensional and two dimensional models have been developedto
predict water and solute transport movement in the soil profile. Many studies have been
conducted to evaluate different environmental impacts, regarding agricultural practices,
by using these models. The prediction accuracy of any of these models is different in
different studies. The discrepancies in the prediction accuracy of any model are due to the
different assumptions made by the researchers to apply to field condition as closelyas
possible. The LEACHM (Waganet and Hutson, 1991) model has been used inmany
studies, some of which gave good predictions (Smith et al., 1991;Jamison and Fox,
1992; Comfort et al., 1993 ), whereas some under predicted the field observations
(Comfort et al., 1992; and Clemente et al., 1994).
Another reason for discrepancy in prediction accuracy is the limitations of these
models. Including; soil spatial heterogeneity, an irregular soil surface geometry, spatial
variability of infiltration, time dependent infiltration variability,cracks in the soil, and two
dimensional root geometry (Vogel and Hopmans, 1992). In typical field conditions all
these factors drastically effect the observed field data. It can be quite difficult to get
accurate simulation results with these models because every model has some of the
aforementioned limitations, as well as other limitations.9
Clemente, and others (1994) tested three unsaturated water flow models:
LEACHW (Waganet and Hutson, 1992), SWATRE (Belmans et al., 1983), and SWASIM
(Hayhoe and De Jong, 1982), and compared the predicted result of soil water moisture
in the soil profile of two sites. All these models are one dimensionaland use the
Richard's equation governing water flow. Overall performance of these models are fairly
good for both sites, and the three models predicted almost the same results. The
comparison between measured and predicted values of soil moisture contents showed that
all these models under-estimate the moisture contents in many of the cases.
One of the major issues which have not been discussed by researchers as yet is
the relative advantages of one dimensional and two dimensional models when used for
analysis of furrow irrigation. All furrow design and operations worldwide is based on a
one-dimensional assumption, which means that lateral distribution of water is uniform at
any given point along a furrow. The SCS method for designing the furrow irrigation
system uses a modified Kostiakov infiltration equation for design depth. The design depth
(Fr,) of furrow irrigation by SCS is given by the following equation.
(a(Tn)b+0.275)P Fn-
InfiltrationVolume
Fn=FurrowSpacing
(1)
(2)
The above equation indicates that design depth is equal to infiltration per unit
length. So SCS bases its irrigation target depth on a one-dimensional model of water
distribution.10
Troiano and others (1993) used a one dimensional model, LEACHM, to evaluate
the behavior of leaching in different methods of irrigation. The simulated results predicted
closely in the case of sprinkler and basin irrigation, but in the case of furrow irrigation
the results were not comparable because LEACHM does not consider the effects of lateral
flow.
NON-IRRIGATION STRATEGIES TO CONTROL LEACHING
Fertilizer management
As discussed earlier in this chapter nitrogen fertilizer is a major contributor of
nitrate contamination in surface and ground water. Effective management of nitrogen
fertilizers can minimize the nitrate contamination in ground water (Paltineanu et al., 1978;
Spalding and Kitchen, 1988). Following is a brief discussion of strategies in fertilizer
management to control nitrate leaching:
EXPECTED YIELD
Estimation of the expected yield is the main step in fertilizer application because
the nitrogen fertilization is highly correlated with crop yield. If the expected yield is over-
estimated than the resulting over-application of nitrogen fertilizer ultimately increases the
nitrate concentration in ground water (Peterson and Frye, 1989). The producer's most
recent yield under typical conditions is the best estimate for the next year's yield.11
FERTILIZER APPLICATION
Time of application and method of application are also important decisions in
fertilizer management. The best approach to increase fertilizer efficiency is to match
fertilizer applications closely to the nitrate uptake curve throughout the growing season
(Stanford, 1973). For example, less nitrate leaching below the root zone was observed
under four applications (at planting, last cultivation, heading, and at grain formation) of
50 kg-N/ha than one fertilizer application of 200 kg-N/ha at planting under drip irrigation
system for maize (Paltineanu et al., 1978).
There are many ways to apply nitrogen fertilizers, including broadcasting dry
fertilizer, spraying on the surface in liquid form, adding to irrigation water, subsurface
injection, and applying by airplane in either liquid or dry form.
Broadcast application of nitrogen fertilizer is a common practice in fertilizer
management due to its convenience, low labor, and low power requirement. This mode
of application can cause over-fertilization or under-fertilization due to solid fertilizer
materials with nonhomogeneous particle size. The non uniform broadcast applications can
also cause pollution problems because some part of the field get higher concentration of
fertilizer.
One good approach to reduce nitrate leaching is the injection method of fertilizer
application. The objective of the injection method is to make the nutrient available to
plant roots at the desired time. This method involves subsurface placement of fertilizers
in the root zone. Recent developments in injection technology make this method easy to
use and low cost in application (Peterson and Frye, 1989).12
Slow release fertilizers
If nitrogen is supplied in a form that becomes available for crop uptake slowly
over the growing period the amount available for leaching below the root zone will be
reduced. Such fertilizers include plastic coated particles, urea formaldehyde combinations,
potassium azide, and sulphur coated urea.
Slow release fertilizer is very effective on coarse textured soils that are highly
affected by leaching (Aldrich, 1980). On the other hand the slow release fertilizer is a
disadvantage for short periods crops (Parr, 1973). More nitrate leaching was observed
from NH4NO, as compared to sulphur coated urea from irrigated potatoes (Saffigna et al.,
1977).
Nitrification inhibitors
The main purpose for using nitrification inhibitors is to keep the nitrogen fertilizer
in the form of NH4 for a longer time. The nitrification inhibitor is a pyridine compound
which commonly called nitrapyrin. The action of nitrapyrin in soil ecosystem is highly
effective in temporarily destroying the nitrifying bacteria called Nitrosomonas (Peterson
and Frye, 1989). Many studies have been conducted in past decades to investigate the
feasibility of nitrification inhibitors. These studies have shown that pyridine compound
effectively prolongs the leach free period for at least four to six weeks (Goring, 1962;
Hughes and Welch, 1970; and Touchton et al., 1979).13
Cover crop
Cover crops, particularly rye, are sometime planted after the principal crop has
been removed to control the erosion. Another major advantage of cover crop with respect
to potential nitrate leaching is that it can utilize residual or mineralized nitrate in soils
during the non-crop period (Russel le and Hargrove, 1989). It was observed that rye grass
as a cover crop reduced the mean nitrate concentration of leachate from 13.5 mg/1 to 8.1
mg/1 (Brandi-Dohrn, 1993).
IRRIGATION ALTERNATIVES TO CONTROL LEACHING
Nitrogen management alone will not reduce the potential for nitrate leaching
because nitrogen loss is closely linked to the amount and timing of both water and
nitrogen fertilizer application with respect to crop uptake. Irrigation management can
minimize deep percolation during the growing season of crop.
Many studies have been conducted for nitrate leaching under irrigated crop
production. These studies found high nitrate concentrations in the vadose zone under
irrigated fields (Muir et al., 1973; and Nielsen et al., 1978). Nitrate is transported from
the root zone to underlying ground water by downward movement of water in the vadose
zone. The main process involved in the movement of nitrate in soil is advective transport
of nitrate dissolved in soil water (Bartholomew and Clark, 1965). The amount and
direction of water movement is extremely important where highly mobile and reactive
ions such as nitrate are concerned.14
Irrigation is the application of water to meet crop evapotranspiration demand
when rainfall and soil moisture content are insufficient. Since nitrate nitrogen is highly
mobile in water, the best irrigation management can prevent the transport of nitrate out
of the root zone. Irrigation management and its interaction with fertilizer management
significantly influences nitrate leaching. Because nitrate moves with water in the soil, the
water holding capacity of the soilinfluences the nitrate leaching. Leaching potential is
high on sandy soils with low water holding capacity. Controlling the deep percolation in
soils by means of different irrigation alternatives can reduce the chances of nitrate
contamination in ground water.
Irrigation scheduling is an important part of water management during the growing
season. Over irrigation can drastically accelerate NO3- leaching in the vadose zone, which
can producecrop nitrogen stress. To compensate for this excess leaching, very high
amounts of nitrogen fertilizers are used (Stark et al., 1983; and Hergert, 1986) which
aggravates the nitrate leaching problem.
Leaching in irrigation systems
The types of irrigation systems for applying water can be classified as surface,
subsurface, sprinkler and drip irrigation. The amount of water percolating below the root
zone is directly influenced by the irrigation method and its management (Heermann et al.,
1989). Uniform application of water over the entire field will minimize the deep
percolation whereas non-uniform application can increase the percolation.15
The problem of deep percolation in sprinkler and drip irrigation systems can be
minimized with good management practice, but on the other hand surface irrigation
systems, especially furrow irrigation, require intensive irrigation management. If water is
applied in furrow irrigation there is a good chance of nitrate leaching below the root zone
in the soil profile (Thomas et al., 1989). Maximum leaching was observed in furrow
irrigation as compared to sprinkler and basin irrigation (Troiano et al., 1993).
In furrow irrigation deep percolation will generally be higher at the head of the
furrow as compared to the bottom of the furrow, because the head of the furrow is
exposed to water for a longer period. Therefore, by controlling the inflow rate of
irrigation water, the deep percolation will also be controlled which ultimately reduces the
nitrate leaching.
Furrow irrigation needs more intensive irrigation management for uniform
application of water, because when water is applied to the soil in furrow irrigation, the
movement of water is not one dimensional. To attain the uniform infiltration from one
end of the field to the other in furrow irrigation system the advance and recession rate
have to be equal to achieve a constant opportunity time. In normal agricultural practices
this task has appeared to be impossible, therefore deep percolation, runoff, and deficit
irrigation may be all observed simultaneously in furrow systems.
In furrow irrigation system design, different approaches are used to control deep
percolation and runoff. These approaches include: surge, in which irrigation applied in
different time intervals; compaction, in which wheeled furrows reduce the infiltration rate;
and alternate, and alternating furrow irrigation for efficient use of irrigation water. Many
furrow irrigation projects are designed to collect surface runoff and distribute it to other16
fields or return it to the same field for irrigation, a method known as pump-back. This
approach is very useful for steeper fields to avoid excess loss of water.
One of the main targets in irrigation management is to get maximum profit from
the agriculture project. The main dependent variable to get the maximum net income may
be applied water. Many researchers have found that deficit irrigation or under-irrigation
in some conditions gives maximum net return (English, 1990; and Allen and Musick,
1993).
The net farm income mainly depends on crop yield. Timmons and Dylla (1981)
examined the effect of several irrigation and nitrogen fertilizer management practices on
nitrate leaching. With three levels of applications: none, partial application (50 % of
depletion), and full application of water, less nitrate leaching was observed in case of
partial application as compared to full application, but produced the same corn yield.METHODOLOGY
SWMS 2D MODEL
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The SWMS_2D finite element model is intended to be applied to laboratory and
field experiments for simulating water and solute movement in two-dimensional, variably
saturated media. The model uses Richards' equation for predictingwater retention
parameters for saturated-unsaturated water flow. The corresponding solute transport
parameters can be estimated by using an advection-dispersion equation. Governing
equations for water and solute movement also include a sink term for root uptake.
Governing flow equation
A modified form of Richard's equation is used as the governing flow equation for
two-dimensional, isothermal, Darcian flow of water in a variably saturated, rigid, porous
medium.
Where,
ae r ah -s axL.
1- 7 aX
3.
17
0 = Volumetric water content.
h = Pressure head.
S = Sink term.
x, = Spatial coordinate.
( 1)t =
K,,A=
K =
Time.
Component of a dimensionless anisotropy tensor KA.
Unsaturated hydraulic conductivity.
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Governing transport equation
In dealing with the concentrations of solutes the model assumes conservative
solutes. That is, no chemical processes that alter the mass of solute in the profile are
accounted for. The governing equation of two-dimensional chemical transport during
transient water flow is given as:
aoc +aPs=a ac)aq
axiic ilLwecflisps+ye+ysp-scs(2) at
Where,
c =
s =
q =
I-1 =
Solution concentration.
Adsorbed concentration.
Component of the volumetric flux.
First order rate constant.
7 = Zero order rate constant.
S = Sink term in water flow equation.
cs = Concentration of the sink term.
D1j = Dispersion coefficient tensor.19
Input parameters
The model requires three inputs files, which are read from the sub-directory named
[SWMS_2D.IN]. These are: SELECTOR.IN, GRID.IN, and ATMOSPH.IN.
SELECTOR.IN
Most of the information in this file is basic for simulation, including a system of
units, hydraulic parameters, solute transport parameters, time information, and boundary
conditions. Soil hydraulic parameters and solute transport characteristics are provided for
every layer of soil profile; the profile can be considered to be either homogeneous or
heterogeneous (see appendix).
GRID.IN
The GRID.IN file contains all the information relating to individual nodes in the
finite element mesh. The soil profile is subdivided into a mesh represented by connecting
nodes. A finer mesh gives more accurate simulation results, but on the other hand it
increases the simulation time. Nodal information consists of nodal coordinates and initial
conditions for the pressure head and solute concentrations of the soil profile. The root
zone is defined by using the values of the function Beta(n). All nodes of the flow region
where the value of Beta(n) is greater than zero are considered as the soil root zone. The
file also contains the codes which specify the type of boundary condition applied to the
nodes. This file can easily be generated by using a program named GENER.EXE which
has been developed by Dr. Simunek of the U.S. Salinity Laboratory (see appendix).20
ATMOSPH.IN
Time dependent soil surface boundary conditions of rainfall and irrigation
applications, evaporation and transpiration are defined in this input file. The starting time
of the simulation is also indicated in ATMOSPH.IN file. This input file is not required
if the constant head boundary condition is defined in GRID.IN file. If variable flux
boundary conditions for different irrigation practices and different application rates are
used the conditions are specified in this file (see appendix).
Boundary conditions
All of the cases were simulated under two different types of boundary conditions.
For the calibration of SWMS_2D, constant head boundary conditions [ Kode(n) = 1] are
imposed to the surface boundary nodes. In constant head boundary condition, time
independent constant head at the surface of the furrow is specified in GRID.IN file.
Whereas for comparing one-dimensional and two dimensional models and evaluation of
water and nitrate leaching time dependent variable flux boundary conditions Mode(n) =
3 for lower boundary nodes and Kode(n) = -6 for nodes which define furrows] are
imposed. Time dependent atmospheric boundary conditions[ Kode(n) = -4]are
implemented if the specific values of the precipitation, evaporation and transpiration are
specified in the input file atmosph.in. All the values for variable flux boundary conditions
are specified in time dependent file, ATMOSPH.IN.
Solute transport boundary conditions are defined by the variable cKod(n). The
values of this variable are generated internally by the program as a function of water flow21
boundary code. In the case of the atmospheric boundary conditions, SWMS__2D assumes
that the solute can not leave across the atmospheric boundaries where Kode(n) = -4.
EXPERIMENTAL PROCEDURES
Field description
All the fields data required for this study were collected at Malheur county. The
following are some specification of the research site.
SITE
The research site, Malheur Experiment Station of Oregon State University, is
located 305 miles East of Corvallis at Ontario, Oregon. This location is in the vicinity of
Snake, Malheur and Owyhee rivers and comes under the management of Malheur county.
CLIMATE
The average temperatures for winter and summer are 31°F (0.5°C)and 72°F
(22°C) respectively. Average relative humidity in mid afternoon is about 40%. Normally
at low elevation the precipitation is low and at higher elevation snow also accumulates
beside high rate of precipitation (USDA-SCS, 1980).22
SOIL
The research site is composed of a Owyhee silt loam, Coarse-silty, mixed, mesic,
Xerolic Durorthid. This is a well drained soil with 0% to 2% slopes. The upper part of
the substratum, to a depth of 71 cm, is white silt loam, and the lower part is light gray
laminated silt loam and very fine sandy loam to a depth of 152 cm. Permeability is
moderate (1.5-5.08 cm/hr) in upper part of soil and slow (0.5 to 1.52 cm/hr) in the lower
part. The organic matter content is low to moderately low. Runoff is slow. Effective
rooting depth is 152 cm or more. The soil is moderately alkaline above a depth of 71 cm,
strongly alkaline between depths of 71 and 96 cm, and moderately alkaline below a depth
of 96 cm. pH ranges 7.9 to 9.0 and salinity is less than 2 mmhos/cm (USDA-SCS, 1980).
CROP
Spring wheat was grown as a row crop on the research site (198 m x 134 m) with
row spacing 76 cm and row length of 198 m. The crop was planted in early spring and
harvested in mid summer.
IRRIGATION
The field was irrigated with a furrow irrigation system. Surge, continuous, wheel,
non-wheel, and irrigation with wheat straw mulch were compared with alternate and every
furrow irrigation. Furrow geometries and advance time were observed at intervals along
the furrows.23
Methods of measurements
SATURATED HYDRAULIC CONDUCTIVITY
For saturated hydraulic conductivity, three undisturbed soil samples were taken in
the field. One of the samples was taken from the bottom of a furrow for measuring the
conductivity of the sealing layer. Another sample one foot below the first sample was
taken as representing the typical saturated conductivity. And for the cultivated top layer,
a sample was taken from the furrow side wall. Each of the soil samples was taken in a
2-in diameter 2-in long circular metal core and tested in the laboratory for saturated
hydraulic conductivity.
The measurement of saturated hydraulic conductivity is based on Darcy's law.
Water flux has measured after getting the hydraulic head difference on the soil column.
The following equation was used to calculate the saturated conductivity of the sample.
Where,
VL KS
At (H2-H1)
V = Volume of water.
A = Cross-sectional area of soil core.
t = Time.
L = Sample length.
H, -H1 = Hydraulic head difference.
(3)24
VAN GENUCHTEN PARAMETERS
To determine the van Genuchten parameters a sample of soil was used to measure
the volumetric moisture contents and corresponding values of water potential in the
laboratory. With the help of pressure chamber, different pressures were applied on the soil
core and after the loss of water due to change in pressure the volumetric moisture
contents were measured. Figure 3.1 indicates these data points.
With the help of laboratory observed data points van Genuchten fitted parameters
were obtained after non-linear regression on Quatro-pro (spread sheet). After getting all
the parameters the following formula was used togenerate the van Genuchten
characteristic curve in figure 3.1.
Where,
e (h) =0,+es-0,.
[1+ ( cch) n]n
Saturated volumetric moisture content.
Or = Residual volumetric moisture content.
0(h)= Volumetric moisture content at pressure h.
a,m,n = Fitted parameters of Van Genuchten curve.
(4)SOIL MOISTURE CHRACTERISTIC CURVE
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Figure 3.1: Soil moisture characteristic curve derived from van Genuchten parameters.
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RECIRCULATING INFILTROMETER TEST
Recirculating infiltrometer data were used to derive parameters for a modified
Kostiakov equation. This test was carried out for five different dates. Two of the curves
were used to calibrate the SWMS model. All the same steps were taken as described by
Blair and Trout (1989) to perform the infiltrometer test.
The recirculating infiltrometer was installed in a section of the irrigated field
where it represents the average conditions of the field. A 20 foot length of the section of
the furrow was taken for this test. The centrifugal pump recirculated water from the
bottom to the top of the furrow section. A supply reservoir contained enough water to
match the expected infiltration volume of water. The cumulative infiltration of water in
the soil was calculated as the total change of volume in the supply reservoir. After getting
the cumulative infiltration as a function of time the following model was used to calculate
the Kostiakov parameters.
Where,
Z=Kt a+bt+c (5)
Z = Cumulative infiltration.
t = Total infiltration time.
K,a,b,c = Fitting parameters of Kostiakov model.27
Two sets of parameters were used to develop the Kostiakov curves, one set
representing dry antecedent conditions and the other representing wet conditions, which
were used to compare the simulated infiltration to calibrate the SWMS model.
Dry Soil Profile
25.50 cm/hr
a = 0.40
2.00 cm/hr
0.00 cm
Wet Soil Profile
K = 6.18 cm/hr
a = 0.30
b = 7.41 cm/hr
c = 0.00 cm
CALIBRATION OF THE SWMS 2D MODEL
Calibration is the process of adjusting model parameters until the estimate
produced by the model matches field observations. An ideal soil moisture model would
be one which predicts soil water movement precisely for any circumstances. Current soil
water models cannot approach the ideal because they would require perfect soil
characteristic data, which are not available, and because they do not account for a number
of important factors, as discussed earlier. The best that can be hoped for from the SWMS28
model is that its performance be sufficiently similar to the real world conditions of
Malheur County that it can provide useful insights. Accordingly, the SWMS model
parameters, saturated hydraulic conductivities, were adjusted until the infiltration rates and
the advance of a wetting front were similar to field data.
Constant head boundary conditions were used to calibrate the SWMS_2D model.
Kostiakov infiltration curves were developed from the measured field data. The initial
coefficients ofthe Kostiakov infiltration model were obtained by adjusting the
coefficients to produce an infiltration curve which matches data from the recirculating
infiltrometer test running on five different days (see recirculating infiltrometer). The
recirculating infiltrometer test and constant head method to measure the saturated
hydraulic conductivity were discussed earlier in this chapter.
For consistency and unbiased calibration, both the conditions were simulated with
the same input parameters which are discussed below.
Input parameters
For purposes of calibrating the model, input parameters were chosen to recreate
the conditions under which the calibration data were collected.
SOIL PROFILE DEPTH
The depth of the root zone was chosen to be 150 cm.29
FINITE ELEMENT MESH
Figure 3.2 shows the finite element mesh of the soil profile. The node distribution
varies with depth of the soil profile. In the first 15 cm from the soil surface, where the
high saturated hydraulic conductivity is to be applied, the nodes are very close to each
other to make a finer mesh for more numerical accuracy. In the rest of the soil profile the
distance between the nodes increases with increase of depth. The node distribution along
the width of the soil profile also varies, with a finer mesh near the furrows. A layer of
low saturated conductivity under the first two nodes of the furrow along the transverse
line is considered to be a sealing layer.
ATMOSPHERIC BOUNDARY CONDITION
Rainfall, evaporation, and transpiration rates were not considered in the calibration.
Therefore the top boundary nodes, which represent the top layer of nodes, other than the
constant head nodes were treated as impermeable nodes [Kode(n) = 0].
INITIAL CONDITIONS
The concentration of the solute in the soil profile and the applied head were both
assumed to be zero for calibration of the model. That is, the solute transport was ignored.
Infiltration of water was simulated for Owyhee silt loam under two different soil moisture
conditions.Initial moisture conditions, expressed as soil water potential, as measured
prior to the circulating infiltrometer test, were defined in the GRID.IN file for both, dry
and wet, conditions. Figure 3.1 shows the soil water characteristics curve for the soil.30
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Figure 3.2:Finite element mesh of soil profile indicating different soil layers.31
Dry condition
SOIL WATER POTENTIAL FOR A DRY CONDITION
The initial soil water potential varies with depth of the soil profile. For the first
25 cm from the soil surface, the values interpolate between -20000 cm and -10000 cm,
then interpolate between -10000 cm and -1000 cm until a depth of 100 cm is reached, and
then interpolate between -1000 and -500 cm up to the end of the soil profile at 150 cm.
Figure 3.3 shows the initial volumetric water content for a dry condition.
Wet condition
SOIL WATER POTENTIAL FOR A WET CONDITION
Similarly in the case of wet soil conditions, soil water potential interpolates
between -700 cm and -550 cm for the first 20 cm layer of the soil profile, then the
interpolates between -550 cm and -400 cm to the depth of 100 cm, and finally between
400 cm and -200 cm for the rest of the root zone depth. Figure 3.4 shows the initial
volumetric water content for a wet condition.
The dry and wet conditions cases were simulated using two different set of
saturated hydraulic conductivities and layer thicknesses of heterogenous soil. Table 3.1
describe the parameters of the two different cases.32
.15.25.30.33.37.45.50
Figure 3.3:Initial volumetric water content for the dry condition.33
.15.25.30.33.37.45.50
Figure 3.4:Initial volumetric water content for the wet condition.34
Table 3.1: Parameters used to describe two sets of saturated hydraulic conductivities
and layer thicknesses of heterogenous soil.
Saturated Hydraulic Conductivities Layer Thicknesses
K, Mat 1' K, Mat 22 K, Mat 33 Layer 1 Layer 2
cm/hr cm/hr cm/hr cm cm
Case A 15.40 1.03 0.10 15.30 128.50
Case B 10.00 1.03 0.10 15.30 128.50
1 = Saturated hydraulic conductivity of soil material for layer 1.
2 = Saturated hydraulic conductivity of soil material for layer 2.
3 = Saturated hydraulic conductivity of sealing layer.
Granular matrix sensors
Granular matrix sensors (GMS) data were collected in 1992 at the Malheur
experiment station. GMS are an alternate tool to measure soil water content under
irrigation (Eldredge etal,1993).It measures increasing electrical resistance with
decreasing soil water content.
GMS data were collected for different treatments of furrow irrigation, which
include conventional, alternate and alternating irrigation. The alternate furrow irrigation
values of GMS were used to calibrate the SWMS_2D model to check the movement
pattern of the wetting front. Initial soil water content values were taken one hour prior
to irrigation whereas the water content during 24 hours of irrigation were collected
hourly.35
CALCULATION FOR WATER POTENTIAL
The following equation (calibrated by Clint Shock) was used to calculate the soil
water potential from observed electrical resistance of water mark sensor.
Where,
5=2.678+0.003892R
1-0.01201T
S = Soil water potential in kpa.
R = Electrical resistance in ohms.
T = Temperature in °C.
CALCULATION FOR VOLUMETRIC MOISTURE CONTENT
Volumetric moisture content was calculated using the equation
Where,
(6)
0,=46.66(0.9575677)R (7)
0, = Volumetric water content.
R = Electrical resistance in kohms.
WATER MARK SENSOR PATTERN
A total of 16 GMS were arranged to a depth of 66 cm and across 76 cm of furrow
spacing. Figure 3.5 shows the arrangement of these sensors in the soil profile. Thermistor,
temperature sensors were also installed in the soil profile to measure the temperature used
in equation 6.36
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Figure 3.5:GMS pattern in the soil profile.37
INPUT PARAMETERS FOR SWMS-2D
Soil profile depth
Furrow spacing was 66 cm deep and 76 cm wide for calibration of the model with
GMS data.
Soil water potential
GMS readings before irrigation were averaged for each individual depth. These
averages were then used to calculate the initial soil water potential which were used in
the model calibration. These values varied with depth of the soil profile. For the first 17
cm from the soil surface the values interpolate between -1500 cm and -1160 cm, then
they interpolate between -1160 cm and -533 cm until a depth of 50 cm is reached, and
then they interpolate between -533 cm and -435 cm up to the end of the soil profile at
66 cm.
Soil hydraulic conductivities
Three different values of hydraulic conductivities were used to simulate the GMS
data. The soil hydraulic conductivities of the top 17 cm of soil layer, the next 49 cm of
soil profile, and the sealing layer were set equal to 5.40, 1.13, and 0.10 cm/hour
respectively. These values of hydraulic conductivities are slightly different from table 3.1
because the values were adjusted to get a good fit of GMS data with the model.38
Simulation
The above input parameters were used to run the model for 24 hours of the first
irrigation. Constant head boundary conditions were used over 11 cm of furrow width (half
of the furrow width) with 2 cm of ponded water. Due to symmetry of the moisture
distribution half of the furrow width was defined in finite element mesh. The output
results were obtained for every hour of irrigation.
Result of calibration; discussions
Calibration of the SWMS model consisted of,first matching the Kostiakov
infiltration curves which were obtained from the recirculating infiltrometer test, and
secondly, comparing the movement of the wetted front with that of the observed GMS
data.
In the first part, different Kostiakov parameters for dry and wet conditions were
used to derive these curves, as discussed previously. The model was then run to simulate
each of these two situations, using a different set of hydraulic conductivities for each of
the two circumstances. In the second approach, a different set of field data were used,
consisting of observations of GMS in a grid under furrows. These observations were used
to establish the wetting front emanating from the furrow over a period of 24 hours. The
model was then run to simulate the movement of that wetting front. In both the
approaches different sets of saturated hydraulic conductivities were used. The values of
these conductivities were based on field observations, but the range of the conductivities
of the top layer of soil varies drastically over the field. Therefore different matrices of39
saturated hydraulic conductivities were developed to use for both the approaches by
adjusting the saturated conductivity of the top layer of soil.
Calibration of the model consisted of adjustingthe matrix of saturated
conductivities and observing how well the model output approximated the field data used
for calibration. A substantial amount of time was required to set up and execute a single
model run.
Accordingly, the objectives of the calibration of the SWMS model were limited.
The purpose was not to match the field data but simply to arrive at a version of the model
that produced results similar to those observed in the field in Malheur County.
COMPARISON WITH KOSTIAKOV CURVES
Infiltration under dry and wet antecedent moisture conditions, using two different
sets of saturated hydraulic conductivities as described in table 3.1, were simulated for
seven hours with a constant head of 3 cm applied over a 11 cm (half of 22 cm furrow)
wetted parameter in an irrigated furrow. Tables 3.2 and 3.3 as well as figures 3.6 and 3.7
show the results of these cases comparing SWMS_2D and Kostiakov models for dry and
wet conditions respectively.40
Table 3.2: Comparative infiltration results of Kostiakov and SWMS_2D models for dry
soil profile condition.
Case ACase B Case ACaseB
Kos' SWMSSWMS Kos' SWMSSWMS
Time C.Inf2 C.Inf2 C.Ine Time C.Inf2 C.Inf2 C.Inf2
hr cm cm cm hr cm cm cm
0.0 0.00 0.00 0.00 2.2 39.10 35.18 27.18
0.1 9.91 4.18 2.85 2.4 40.67 37.27 28.82
0.2 12.89 6.49 4.61 2.5 41.79 38.36 29.64
0.3 15.15 8.65 6.12 2.7 43.11 40.45 31.27
0.4 17.87 10.73 7.53 2.8 44.39 41.45 32.09
0.5 19.43 12.45 8.94 3.0 45.57 43.36 33.64
0.6 21.83 14.27 10.27 3.2 46.77 45.36 35.27
0.7 23.51 16.09 11.55 3.4 48.52 47.09 36.82
0.8 25.46 17.82 12.82 3.7 50.16 49.82 39.18
0.9 26.25 19.55 14.00 3.9 51.88 51.55 40.64
1.0 27.13 20.91 15.00 4.2 53.50 54.18 43.00
1.2 29.49 23.82 17.27 4.4 55.02 56.00 44.36
1.3 30.81 25.18 18.45 4.6 56.36 57.73 45.73
1.4 31.66 26.27 19.55 5.0 58.54 61.00 48.45
1.5 32.49 27.55 20.64 5.3 60.0 63.64 50.55
1.6 33.88 28.64 21.55 5.6 62.13 66.18 52.55
1.7 34.65 29.73 22.64 6.0 64.22 69.45 55.18
1.8 35.40 31.00 23.64 6.5 66.91 73.45 58.55
2.0 37.21 33.00 25.45
1 = Kostiakov Model.
2 = Cumulative Infiltration.41
Table 3.3: Comparative infiltration results of Kostiakov and SWMS_2D models for wet
soil profile condition.
Case ACase B Case ACaseB
Kos' SWMSSWMS Kos' SWMSSWMS
Time C.Inf2 C.Inf2 C.Inf2 Time C.Inf2 C.Inf2 C.Inf2
hr cm cm cm hr cm cm cm
0.0 0.00 0.00 0.00 2.5 26.66 33.09 25.64
0.1 3.67 3.25 2.23 2.7 28.08 34.82 27.18
0.2 4.89 5.38 3.70 2.8 29.50 35.64 28.00
0.3 5.93 7.38 5.11 3.0 30.82 37.27 29.27
0.4 7.33 9.18 6.44 3.2 32.20 39.00 30.73
0.6 9.65 12.55 8.79 3.4 34.26 40.73 32.09
0.7 10.74 13.91 9.91 3.7 36.23 43.36 34.18
0.9 12.66 16.64 12.18 3.9 38.36 45.00 35.45
1.0 13.31 17.73 13.18 4.6 44.14 50.64 40.09
1.2 15.15 20.00 15.18 5.0 47.07 53.73 42.64
1.5 17.65 23.27 17.64 5.3 49.07 56.09 44.55
1.6 18.88 24.36 18.64 5.6 52.06 58.36 46.45
1.8 20.28 26.36 20.27 6.0 55.04 61.45 48.91
2.0 22.00 28.36 21.82 6.5 59.00 65.36 52.09
2.4 25.48 32.00 25.00
1 = Kostiakov Model.
2 = Cumulative Infiltration.E0
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wet soil profile condition.44
The difference between the two sets of saturated hydraulic conductivities (for dry
and wet conditions) is the conductivity of the top layer of the soil. It is a difficult task
to correctly measure the saturated hydraulic conductivity of the top layer of the soil after
cultivation because this layer may have a very high saturated conductivity and it varies
drastically throughout the field. By comparing the curves in figures 3.6 and 3.7, it is clear
that the saturated hydraulic conductivity of the top layer of the soil profile had a
substantial influence on the infiltration pattern.
Though the curves follow the same trend, there are some variations observed in
figures 3.6 and 3.7. These variation could be due to several factors, including saturated
hydraulic conductivity for the top layer, atmospheric fluctuation in the field, and the
ponded depth of water in the furrow. Average errors for dry condition cases are ±7 cm
and ±10 cm for case A and case B respectively. Similarly errors for wet conditions are
±4 cm and ±2 cm for case A and case B respectively.
COMPARISON WITH GRANULAR MATRIX SENSORS DATA
GMS data were collected in 1992 by Clint Shock. These data were used to observe
the pattern of the wetting front in two-dimensional flow of furrow irrigation. Figures 3.8
to 3.13 display the movement of wetting front in the form of water potentials and soil
water contents. Figures 3.8, 3.9, and 3.10 represent the soil water potentials before the
irrigation, after 12 hours of irrigation, and after 24 hours of irrigation respectively.
Similarly figures 3.11 to 3.13 represent the water content at zero, 12, and 24 hours of
irrigation.45
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Figure 3.8:Initial soil water potential distribution before irrigation.46
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Figure 3.9:Soil water potential distribution after 12 hours of irrigation.47
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Figure 3.10:Soil water potential distribution after 24 hours of irrigation.48
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Figure 3.11:Initial soil water content distribution before irrigation.49
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Figure 3.12:Volumetric soil water content distribution after 12 hours of irrigation.50
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Figure 3.13:Volumetric soil water content distribution after 24 hours of irrigation.51
The black lines in all these graphs represent isoquants generated by Stanford
Graphics using. the GMS data, whereas the colored pattern depicts the values simulated
by the SWMS model. By comparing the observed and simulated values, itcan be seen
thatthesimulatedvaluesfollowthepatternoftheobservedwettingfront
reasonably well. Figures 3.8 and 3.11, which represent the initial values of soil water
potential and water content, have some variation in the pattern between observed and
simulated values. This is due to averaging the field data in different layers of the soil to
make these data compatible for the input file, GRID.IN, of the SWMS model.
Granular matrix sensors are designed to measure the soil water potential, and water
content measurement above -100 cm are inaccurate. As a result, the soil water potential
graphs look more consistent with observed values than the graphs of soil water content.
By observing these figures, it can be seen that the slow lateral flow of water
between the furrows may significantly affect the efficiency of alternate furrow irrigation.
As indicated in figures 3.10 and 3.13, when the saturated front reached the bottom of the
profile the dry furrow had still not been affected by the irrigation. It is for this reason that
a one dimensional model cannot predicts the actual flow pattern in the flow domain in
furrow irrigation.52
ANALYSIS
As discussed earlier, it has been common practice to assume a uniform lateral
distribution of water under furrow irrigation, but the validity of that assumption is in
question. A different form of this question the amount of leaching was addressed using
SWMS_2D to evaluate what would take place under widely-spaced points of infiltration
(the furrows) as compared with the leaching under laterally uniform infiltration. This
question can be reduced to a comparison of one dimensional vs two-dimensional
modelling of water movement from furrows.
A number of factors may influence the relative leaching estimated by one and two
dimensional models. Such factors would include furrow spacing, the depth of the root
zone, the antecedent moisture in the root zone, the amount of applied water, and the
estimation of field capacity. All of these factors were considered in the analysis described
below.
Two unanticipated factors which affected the results generated by the model will
be included in the discussion which follows. The first of these was a restricted rate of
infiltration which limited the ability of the model to simulate larger depths of irrigation.
Certain amounts of irrigation were simulated by specifying a constant flux at the surface
of the furrow, where the constant flux was intended to accomplish the required irrigation
in a specified time. However, in the model, a limiting flux condition occurred whenever
the specified flux exceeded the hydraulic conductivity in any part of the profile. Thus the
flux was limited by the soil hydraulic conductivity. This condition occurred when
simulating large applications of water in widely spaced furrows where a high flux through53
the furrow boundary was attempted. The effect was to limit the simulated infiltration to
less than the intended level.
The second unanticipated factor was deep percolation that took place even in the
absence of irrigation. Initial soil water content for Case 2 was sufficiently high as
compared to Case 1. Therefore a measurable amount of percolation would take place over
a period of nine days even when no water was added at the soil surface. This base level
of percolation is shown as a "drainage" linein the graphs which follow.
INITIAL CONDITIONS
The SWMS model was used to evaluate percolation and nitrate leaching for
different spacings of irrigated furrows, different initial soil moisture conditions and root
depths and different amounts of water applied to the soil.
Variable flux boundary conditions were used to evaluate the alternate furrow
configuration and every furrow configuration, with two different cases representing 21%
and 27% of available capacity for Casel and Case2 respectively. In variable flux
boundary conditions time dependent fluxes were applied at the surface boundary. Families
of curves were developed to relate leaching and infiltration for different furrow spacing.
These curves were obtained from the output results of SWMS_2D model.
In order to investigate the validity of wetting front simulation for different furrow
spacing, two different definitions of available capacity were used. Available capacity
defines as the soil water content at field capacity minus soil water content at wilting point
(OAV = OpcOwp). For 21% available capacity, Case 1, 34% soil water content (-200 cm54
water potential) was used based on soil survey of Malheur county and recommended by
Dr. Alan Mitchell of the Crop and Soil Science department for this area. For 27%
available capacity, Case 2, the field capacity (40% soil water content) was simulated by
SWMS model after three days of drainage with initial high soil water content. The wilting
point (13% soil water content) correspond to -15000 cm of water potentialwas used to
calculate the available capacity for both the cases. All of these case were simulated for
50% depletion of available capacity. Table 4.1 describes the parameters of the two
different cases.
Table 4.1: Parameters used to describe two sets of available capacity and root zone depth.
Case Root Zone OK e WP A. CapacityPotential at
Number Depth 50% A.C.
Case 1 66 cm 0.34 0.13 0.21 -700 cm
Case 2 66 cm 0.40 0.13 0.27 -500 cm
Both of these cases were simulated under the same conditions as discussed
earlier in calibration section. Soil water potential, water application rate, concentration of
nitrate in irrigation water and initial concentration of nitrate in soil profile were calculated
for both the cases. The following calculations were used to calculate the aforementioned
two input parameters, the initial soil moisture and the initial nitrate concentration in the
soil and in the irrigation water.55
Available capacity
Using Case 1as an example, field capacity was defined as that level of soil
moisture at which water potential is -200 cm*. This corresponds to a soil water content
(0) of 0.34 by volume (value taken from figure 3.1).
Wilting point was defined as that level of soil moisture at which water potential
is -15000 cm*. This value of water potential corresponds to a soil water content of 0.13
by volume (values taken from figure 3.1).
Available capacity was defined as the difference between Orc and Owp.
That is,
Available Capacity= Orr Owp
Available Capacity= 0.340.13
Available Capacity= 0.21 by volume.
Using case 1 as an example, available capacity is calculated in units of cm for the root
zone as:
Root zone depth = 66 cm.
Field capacity =0.34 x 66 = 22.44 cm.
Wilting point =0.13 x 66 = 8.58 cm.
Available Capacity= OFC Owp
Available Capacity=22.448.58
Available Capacity=13.86 cm.Then,
50 % soil moisture= Wilting point + ( 0.5 x Available capacity)
56
= 8.58 + ( 0.5 x 13.86)
50 % soil moisture= 15.51 cm.or 15.51/66 x 100 = 23.5 % by volume.
The corresponding value of soil water potential from Figure 3.1 for 23.5 % by volume
is -700 cm.
Distribution of initial soil moisture
The distribution of initial soil moisture depletion was arbitrarily assumed to have
a 4:3:2:1 pattern. That is, 40 percent of total depletion was assumed to have occurred in
the top quarter of the profile, 30 percent in the second quarter, and 20 and 10 percent in
the third and fourth quarter respectively. Computation of the initial soil moisture in each
of the top four layers was therefore computed as follows:
Total Depletion = 10050
Total Depletion = 50 % of capacity.
50 % depletion = 0.5 x 13.86
50 % depletion = 6.93 cm.
Layer # 1:
First layer thickness = 16.50 cm.(for 66 cm root zone depth).
Maximum available in 16.50 cm of soil layer = 0.21 x 16.50 = 3.46 cm.57
Depletion in layer # 1= 40 % depletion of 6.93 cm
= 0.4 x 6.93 = 2.77 cm.
Remaining available in layer # 1 = 3.462.77 = 0.69 cm.
Then,
Total moisture in layer number 1 is calculated as:
Total moisture = (Wilting point x Layer thickness) + Remaining available
Total moisture = (0.13 x 16.50) + 0.69
Total moisture = 2.84 cm.
Soil water content = 2.84/Layer thickness x 100
Soil water content = 2.84/16.50 x 100
Soil water content = 17.20 %.
Soil water potential = -4000 cm.(from Figure 3.1)
Similarly for other layers,
Layer # 2
Soil water potential = -1200 cm.
Layer # 3
Soil water potential = -600 cm.
Layer # 4
Soil water potential = -325 cm.58
Applied water
Three different application rates were used in the analysis, equivalent to 75%,
100% and 120% of the root zone depletion. Using case 1 for example, the depletion was
6.93 cm. Application of water was calculated for one day irrigation over unit width. The
three levels of applied water were then:
75% of Depletion
Application = 0.75*6.93= 5.20 cm/day/cm.
100% of Depletion
Application = 1.00*6.93= 6.93 cm/day/cm.
120% of Depletion
Application = 1.20*6.93= 8.32 cm/day/cm.
The applied water expressed asan overall depth was convertedtothe
corresponding flux through the wetted perimeter of a furrow. Flux rates were calculated
for the aforementioned three depths of applied water, and with the water applied over a
24 hours period, using an 22 cm wetted perimeter, for three different furrow spacings.
As an example, the flux rate for alternate furrow irrigation, for 75% depletion and
76 cm furrow spacing (doubled in the case of alternate furrow irrigation), was calculated
as:
Flux rate = (5.20 x 76 x 2)/22 = 35.91 cm/day.59
Flux rate for every-furrow irrigation: (for 75% depletion and 76 cm furrow spacing)
Flux rate = 35.91/2 = 17.96 cm/day.
Initial nitrate concentration in soil profile
Assuming soil water content is 34%, the water in one liter of soil would be 0.34
liters of water per liter of soil.
Bulk density = 1.27 g/cm3 or1.27 kg/liter.
Nitrate concentration in soil = 15 mg/kg of soil. (Using Clint's, 1994, data).
Nitrate mass = (0.015 g/kg) x (1.27 kg/liter) = 0.0190 g/liter of soil.
Concentration = (0.0190 g/liter of soil) x (1/0.347 x liter of soil/liter of water)
Concentration = 0.055 g/liter of water. or 55 ppm.
Nitrate concentration in water = 55 ppm.
The above calculated value of nitrate concentration was used for layer #1 of the
soil profile. Based on the assumed initial soil moisture distribution, 50 ppm, 45 ppm and
40 ppm were used for layer #2, layer #3 and layer #4 respectively. All of these values
were kept constant for every case in Table 4.1.
Nitrate concentration in irrigation water
Fertigation at the rate of 160 kg/ha was used as the nitrogen application rate in
irrigation water. It was also assumed that 50% of applied NH4NO3 fertilizer will be
converted into nitrate when dissolved in water. This assumption is reasonable because60
NH4NO, is highly soluble in water and 50% of the applied amount will be immediately
converted into nitrate (Aldrich, 1980; and Christensen, 1994). The nitrate concentration
in applied water was then calculated as:
Fertigation = 160 kg/ha. or 0.016 kg/m2
Flux rate = 35.91 cm/day.(for 75% depletion, 76 cm furrow spacing)
Nitrate concentration = 0.016/0.3591 kg /m3.
Nitrate concentration = 0.0445 kg/m3. or 44.55 mg/liter.
Nitrate concentration in irrigation water = 44.55/2 ppm.
Nitrate concentration in irrigation water = 22.30 ppm.
To keep the fertigation rate constant similar steps were taken to calculate the
nitrate concentration in irrigation water for different flux rates for both the cases. Table
4.2 through table 4.11 summarize all the calculations based on field capacity, initial 0,
and furrow spacing.
Table 4.2: Parameters used to calculate the soil water potential for Case #1.
Root Zone Depth 66 cm
Initial 0 50 percent of available capacity
Field Capacity 22.44 cm
Wilting Point 8.58 cm
Available 13.86 cm
50% of Available Soil Moisture 15.51 cm or 23.50 percent by volume
50% Soil Water Potential -700 cm61
Table 4.3: Distribution of soil water potential according to the 4:3:2:1 rule for Case
#1.
Layer Thickness 16.50 cm
Percent Depletion 50% or 6.93 cm of available capacity
Percent Depletion
40 30 20 10
Maximum Available, cm 3.46 3.46 3.46 3.46
Depletion, cm 2.77 2.08 1.39 0.69
Remaining Available, cm 0.69 1.39 2.08 2.77
Total Moisture, cm 2.84 3.53 4.22 4.92
Percent by volume 17.20 21.40 25.60 29.80
Soil Water Potential, cm -4000 -1200 -600 -325
Table 4.4: Levels of application at 75%, 100% and 120% of depletion for Case #1.
Percent of Depletion
75 100 120
Application rate, cm/day 5.20 6.93 8.3262
Table 4.5: Flux rate (cm/d) for alternate and every furrow irrigation using 75%, 100%
and 120% of depletion for Case #1.
Alternate Furrow Every Furrow
Spacing Spacing
76 86 102 76 86 102
Percent Depletion cm cm cm cm cm cm
75 35.91 40.63 48.20 17.95 20.32 24.10
100 47.88 54.18 64.26 23.94 27.09 32.13
120 57.46 65.02 77.11 28.73 32.51 38.56
Table 4.6: Nitrate concentration (ppm) in irrigation water for alternate and every
furrow irrigation using 75%, 100% and 120% of depletion for Case #1.
Alternate Furrow Every Furrow
Spacing Spacing
76 86 102 76 86 102
Percent Depletion cm cm cm cm cm cm
75 22.30 19.70 16.60 22.30 19.70 16.60
100 16.00 15.00 13.00 16.00 15.00 13.00
120 13.90 12.30 10.40 13.90 12.30 10.4063
Table 4.7: Parameters used to calculate the soil water potential for Case #2.
Root Zone Depth 66 cm
Initial 0 50 percent of available capacity
Field Capacity 26.4 cm
Wilting Point 8.58 cm
Available 17.82 cm
50% of Available Soil Moisture 17.49 cm or 26.5 percent by volume
50% Soil Water Potential -500 cm
Table 4.8: Distribution of soil water potential according to the 4:3:2:1 rule for Case
#2.
Layer Thickness 16.50 cm
Percent Depletion 50% or 8.91 cm of available capacity
Percent Depletion
40 30 20 10
Maximum Available, cm 4.46 4.46 4.46 4.46
Depletion, cm 3.56 2.67 1.78 0.89
Remaining Available, cm 0.89 1.78 2.67 3.56
Total Moisture, cm 3.04 3.93 4.82 5.71
Percent by volume 18.40 23.80 29.20 34.60
Soil Water Potential, cm -2000 -700 -325 -17564
Table 4.9: Levels of application at 75%, 100% and 120% of depletion for Case #2.
Percent of Depletion
75 100 120
Application rate, cm/day 6.68 8.91 10.69
Table 4.10: Flux rate (cm/d) for alternate and every furrow irrigation using 75%,
100% and 120% of depletion for Case #2.
Alternate Furrow Every Furrow
Spacing Spacing
76 86 102 76 86 102
Percent Depletion cm cm cm cm cm cm
75 46.17 52.25 61.97 23.09 26.12 30.98
100 61.56 69.66 82.62 30.78 34.83 41.31
120 73.87 83.59 99.14 36.94 41.80 49.5765
Table 4.11: Nitrate concentration (ppm) in irrigation water for alternate and every furrow
irrigation using 75%, 100% and 120% of depletion for Case #2.
Alternate Furrow Every Furrow
Spacing Spacing
76 86 102 76 86 102
Percent Depletion cm cm cm cm cm cm
75 17.30 15.30 12.90 17.30 15.30 12.90
100 13.00 11.50 9.60 13.00 11.50 9.60
120 10.80 9.50 8.00 10.80 9.50 8.00
Assumptions
The following additional assumptions were made in simulating leaching for each
of the cases considered.
1- Actual root zone was taken as 66 cm because it was the same depth used for
calibration.
2- ET was assumed to be 5 mm/day for a crop of winter wheat.
3- Nitrate concentration of water removed from the flow region by root water uptake
was assumed negligible.
4- No rainfall during the irrigation.
Some of these assumptions were made because the standing crop was winter wheat
and the other assumptions were used because all these cases were simulated only for nine
days.66
Defining the effective root zone
The intent of this analysis was essentially to analyze deep percolation, i.e. the
amount of irrigation water draining beyond the effective root zone, prior to the next
irrigation. However the precise value of the effective root zone is indefinite. The extent
of the zone within which roots are taking up water directly is obviously part of the
effective root zone, but as that part of the soil profile dries down excess water below that
zone may move upward. The question is whether a substantial amount of water will be
pulled back into that root zone by capillarity. This question was addressed by simulating
movement of water in a three meter deep profile, within which the top 66 cm was defined
as actual root zone. A sixteen day period was simulated in which water was first applied
to refill the top 66 cm of the soil profile, then ET proceeded at a rate of 0.5 cm per day
from the top. The movement of water into and out of the top 66 cm, the next 34 cm (to
1.0 meter depth) and the bottom 2.0 meter was analyzed. The results are shown in figure
4.1, in which total change in soil moisture, expressed in cm of depth, is shown for the top
66 cm (the"Root Zone"),thenext 34 cm (theExtended Root Zone) and
the last 2.0 m (the Deep Profile). Soil moisture in the extended root zone rose rapidly in
the first two days after onset of irrigation, then declined at a rate that is approximately
mirrored by a gradual rise in moisture in the deep profile. Normally the next irrigation
would take place on about the ninth day, at which time the total water in the two lower
zones below the actual root zone is approximately the same as it was on the second or
third day after the irrigation. For this analysis it therefore appeared that the actual root
zone can be used as an approximation of the effective root zone.SOIL WATER DISTRIBUTION
IN SOIL PROFILE
67
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Figure 4.1:Distribution of soil water by zone in the soil profile, after irrigation
on day one.
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The difficulty of using the model and the computational intensity (between a few
hours and a full day of computer time were required for each run) made it impossible to
do the extensive profile analysis described above for every case that was considered. The
effective root zone was therefore taken to be the actual root zone and the duration of each
simulation run was nine days. In the analysis which follows, deep percolation was
therefore defined as the amount of water moving beyond the 66 cm root zone in nine
days.
EVALUATION OF LEACHING IN FURROW IRRIGATION
For evaluation of alternate and every furrow irrigation, 50% of available capacity,
which corresponds to 50% depletion, was used as an initial soil moisture within the 66
cm root zone depth. Both the cases,Case 1 and Case 2 in table 4.1, were simulated for
50% depletion of available capacity. Three different furrow spacing, 76, 86, and 102 cm,
were used with both alternate and every furrow irrigation. Application rates for irrigation
water were calculated on the basis of percent depletion. Three different application rates
were used in the analysis, equivalent to 75%, 100%, and 120% of the root zone depletion.
Water and solute distribution was simulated by using SWMS_2D with variable flux
boundary conditions.69
Estimates of deep percolation
The results of the simulations for Case 1 and Case 2 are shown in tables 4.12
through 4.15 as well as in figures 4.2 through 4.5. In these tables, columns labeled
"infiltration" refer to the infiltration actually achieved rather than that specified. The
actual numbers generally deviate from the specified infiltration for one of two reasons:
(1) round-off errors in the input file "ATMOSPH.IN", and (2) limited infiltration due to
the sealing layer (discussed earlier). These results are complicated somewhat by baseline
drainage that would take place in the absence of any applied water, the limits of hydraulic
conductivity and the restricted infiltration through the sealing layer.
To check the baseline drainage of antecedent soil water, one simulation with the
same initial conditions was carried out for each of the two cases withoutapplication of
irrigation water. The simulated results indicated 0.05 cm drainage of the antecedent water
for Case 2, whereas no significant drainage was observed for Case 1. Figures 4.4 and 4.5
show the drainage of antecedent moisture for Case 2. Therefore the leaching amount
indicated in these figures is the sum of deep percolation from applied water and the
drainage loss of antecedent soil water during nine days of simulation.
The sealing layer has a great influence on water infiltration. In typical furrow
irrigation, the sealing layer builds within two hours of the first irrigation. The effect of
the sealing layer on model performance was minimal at low application rates but became
very significant at the high infiltration rates. In the caseof one-dimensional simulation
the effect of the sealing layer was almost negligible for all cases. Due to the development
of the sealing layer it was quite impossible to get the specified infiltration for high fluxes.70
Table 4.12: Comparative simulated results of one-dimensional and two-dimensional flow
under alternate furrow irrigation for 21% of available capacity (Case 1).
One-DimensionalTwo-Dimensional
Furrow Spacing
76 cm
Two-Dimensional
Furrow Spacing
86 cm
Two-Dimensional
Furrow Spacing
102 cm
Infilt.'Leach.2Infilt.'Leach.2Infilt.'Leach.2Infilt.'Leach.2
% cm % cm % cm % cm
75.09 0.01 68.60 0.01 68.17 0.02 66.07 0.06
99.61 0.01 87.71 0.08 87.33 0.14 83.98 0.28
119.58 0.01 103.75 0.24 100.60 0.38 96.31 0.63
1 = Infiltration as percent of depletion.
2 = Leaching amount.
Table 4.13: Comparative simulated results of one-dimensional and two-dimensional flow
under every furrow irrigation for 21% of available capacity (Case 1).
One-DimensionalTwo-Dimensional
Furrow Spacing
76 cm
Two-Dimensional
Furrow Spacing
86 cm
Two-Dimensional
Furrow Spacing
102 cm
Infilt.'Leach.2Infilt.' Leach.2Infilt.' Leach.2Infilt.'Leach.2
% cm % cm % cm % cm
75.09 0.01 73.37 0.01 72.39 0.01 71.02 0.01
99.61 0.01 94.53 0.01 93.36 0.01 92.24 0.01
119.58 0.01 111.60 0.01 110.70 0.01 109.14 0.02
1 = Infiltration as percent of depletion.
2 = Leaching amount.71
Table 4.14: Comparative simulated results of one-dimensional and two-dimensional flow
under alternate furrow irrigation for 27% of available capacity (Case 2).
One-DimensionalTwo-Dimensional
Furrow Spacing
76 cm
Two-Dimensional
Furrow Spacing
86 cm
Two-Dimensional
Furrow Spacing
102 cm
Infilt.'Leach.'Infilt.'Leach.2Infilt.'Leach!Infilt.'Leach.'
% cm % cm % cm % cm
74.15 0.07 63.87 0.35 65.96 0.48 63.50 0.68
98.96 0.24 84.72 0.95 82.15 1.20 78.83 1.56
118.02 0.83 97.07 1.63 94.24 1.95 90.60 2.27
1 = Infiltration as percent of depletion.
2 = Leaching amount.
Table 4.15: Comparative simulated results of one-dimensional and two-dimensional flow
under every furrow irrigation for 27% of available capacity (Case 2).
One-DimensionalTwo-Dimensional
Furrow Spacing
76 cm
Two-Dimensional
Furrow Spacing
86 cm
Two-Dimensional
Furrow Spacing
102 cm
Infilt.'Leach.2Infilt.'Leach.2Infilt.`Leach.2Infilt.'Leach.2
% cm % cm % cm % cm
74.15 0.07 71.04 0.08 70.30 0.08 69.13 0.10
98.96 0.24 92.16 0.28 91.54 0.29 90.50 0.34
118.02 0.83 109.57 0.96 108.56 0..95 104.84 0.93
1 = Infiltration as percent of depletion.
2 = Leaching amount.LEACHING
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Figure 4.2:Comparative leaching amount in one-dimensional and two-dimensional
flow under alternate furrow irrigation for 21% of available capacity.
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Figure 4.3:Comparative leaching amount in one-dimensional and two-dimensional
flow under every furrow irrigation for 21% of available capacity.
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Figure 4.4:Comparative leaching amount in one-dimensional and two-dimensional
flow under alternate furrow irrigation for 27% of available capacity.
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Figure 4.5:Comparative leaching amount in one-dimensional and two-dimensional
flow under every furrow irrigation for 27% of available capacity.
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The limiting hydraulic conductivity also had an important effect on this analysis.
One of the major reasons for using 66 cm of root zone, beside the one which was already
discussed earlier, is the high infiltration amount require for deeper root zones which was
not possible with the sealing layer. The reason was probably due to limiting hydraulic
conductivity at this very high flux rate. Even with low infiltration rates with higher total
application of irrigation water it is very clear that one-dimensional simulation under-
estimates the leaching that occurs under furrow irrigation.
Tables 4.16 to 4.19 and figures 4.6 to 4.9 show the simulated results of leaching
as a percent of applied water for both Case 1 and Case 2. In all these figures one-
dimensional simulation under-estimated the net leaching. These graphs show the increase
of net leaching with the increase of furrow spacing and indicate that furrow spacing has
a significant effect on leaching amounts. Figures 4.6 and 4.8 indicate a non-linear increase
of leaching with the increase of furrow spacing. This means that the one-dimensional
analysis will be in larger error with larger furrow spacing.
Figures 4.4 and 4.5 indicate that for 75 percent infiltration there was no leaching
of applied water in the one-dimensional analysis because the calculated drainage is equal
to the amount of drainage with no irrigation application. All these results show that one-
dimensional model always under-estimated the leaching in irrigated furrows.77
Table 4.16: Leaching as percent of applied water in one-dimensional and two-dimensional
flow under alternate furrow irrigation for 21% of available capacity (Case 1).
One-DimensionalTwo-Dimensional
Furrow Spacing
76 cm
Two-Dimensional
Furrow Spacing
86 cm
Two-Dimensional
Furrow Spacing
102 cm
Infilt.'Leach.2Infilt.'Leach.2Infilt.'Leach.2 Infilt.1Leach.2
% % % % % % % %
75.09 0.17 68.60 0.24 68.17 0.38 66.07 0.95
99.61 0.13 87.71 1.05 87.33 1.87 83.98 3.61
119.58 0.12 103.75 2.60 100.60 4.10 96.31 6.83
1 = Infiltration as percent of depletion.
2 = Leaching as percent of applied water.
Table 4.17: Leaching as percent of applied water in one-dimensional and two-dimensional
flow under every furrow irrigation for 21% of available capacity (Case 1).
One-DimensionalTwo-Dimensional
Furrow Spacing
76 cm
Two-Dimensional
Furrow Spacing
86 cm
Two-Dimensional
Furrow Spacing
102 cm
Infilt.'Leach.2Infilt.'Leach.2 Infilt.1Leach.2Infilt.'Leach.2
% % % % % % % %
75.09 0.17 73.37 0.15 72.39 0.15 71.02 0.15
99.61 0.13 94.53 0.12 93.36 0.13 92.24 0.14
119.58 0.12 111.60 0.13 110.70 0.14 109.14 0.21
1 = Infiltration as percent of depletion.
2 = Leaching as percent of applied water.78
Table 4.18: Net leaching as percent of applied water in one-dimensional and two-
dimensional flow under alternate furrow irrigation for 27% depletion (Case 2).
One-DimensionalTwo-Dimensional
Furrow Spacing
76 cm
Two-Dimensional
Furrow Spacing
86 cm
Two-Dimensional
Furrow Spacing
102 cm
Infilt.'Leach.2Infilt.'Leach.2Infilt.' Leach.2Infilt.'Leach.'
% % % % % % % %
74.15 0.25 63.87 4.00 65.96 5.76 63.50 8.57
98.96 2.08 84.72 9.07 82.15 11.59 78.83 15.24
118.02 7.30 97.07 13.40 94.24 16.13 90.60 18.85
1 = Infiltration as percent of depletion.
2 = Net leaching as percent of applied water (leaching-drainage of antecedent).
Table 4.19: Net leaching as percent of applied water in one-dimensional and two-
dimensional flow under every furrow irrigation for 27% of available capacity (Case 2).
One-DimensionalTwo-Dimensional
Furrow Spacing
76 cm
Two-Dimensional
Furrow Spacing
86 cm
Two-Dimensional
Furrow Spacing
102 cm
Infilt.'Leach.2Infilt.' Leach.2Infilt.' Leach.2Infilt.'Leach.2
% % % % % % % %
74.15 0.25 71.04 0.40 70.30 0.45 69.13 0.62
98.96 2.08 92.16 2.36 91.54 2.40 90.50 2.94
118.02 7.32 109.57 7.71 108.56 7.61 104.84 7.47
1 = Infiltration as percent of depletion.
2 = Net leaching as percent of applied water (leaching-drainage of antecedent).LEACHING
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Figure 4.6:
INFILTRATION AS PERCENT OF DEPLETION
I-D II-D (76) II-D (86) II-D (102)
Leaching as percent of applied water in one-dimensional and two-
dimensional flow under alternate furrow irrigation for 21% of available
capacity.
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Figure 4.7:
INFILTRATION AS PERCENT OF DEPLETION
I-D II-D (76) II-D (86) II-D (102)
Leaching as percent of applied water in one-dimensional and two-
dimensional flow under every furrow irrigation for 21% of available
capacity.
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Figure 4.8:
INFILTRATION AS PERCENT OF DEPLETION
In I-D II-D (76) II-D (86)=II-D (102)
Net leaching as percent of applied water in one-dimensional and
two-dimensional flow under alternate furrow irrigation for 27% of
available capacity.
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Figure 4.9:
INFILTRATION AS PERCENT OF DEPLETION
Net leaching as percent of applied water in one-dimensional and
two-dimensional flow under every furrow irrigation for 27% of
available capacity.
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The simulated results for 21% of available capacity (Case 1) indicateda very low
leaching rate. As discussed earlier, no drainage was observed in this case when simulated
without irrigation application. Even with applied water, no appreciable leachingwas
noted. At this point it was necessary to check the field capacity recommended by soil
survey report of Malheur county, which is 34 percent by volume. For this purpose a
simulation was done using a high initial water content followed by three days of free
drainage to check the remaining volumetric soil water content after three days of drainage.
The result of that simulation gave 40 percent average water content in the soil profile, and
this figure was taken as field capacity. The 27% available capacity used in Case 2 was
based on this field capacity (40%) minus the 13% wilting point.
Figures 4.8 and 4.9 show the net leaching, i.e. the total leaching minus the
baseline drainage, as percent of applied water for Case 2. In these figure it can be
observed that at 75% of infiltration the one-dimensional model did not predict leaching,
but the two-dimensional model predicted a substantial amount of leaching for all furrow
spacings. These graphs indicate that even applying 60% percent of depletion, alternate
furrows irrigation leaches water below the actual root zone. Figure 4.8 shows that 55%
replenishment is the most that can be applied without leaching. Therefore more frequent
irrigation and less water application are required to minimize the leaching fraction in
alternate furrow irrigation.
The simulated results of Case 1 and Case 2 indicate that even with well managed
irrigation practices the leaching prediction of a two-dimensional model in alternate furrow
irrigation is significant, compared to a one-dimensional model.84
Nitrate leaching
The pattern of nitrate leaching is almost the same as water leaching for both
alternate and every furrow irrigation. Figures 4.10 to 4.13 show the nitrate leaching as
mass loading for both the cases. In case of 27% of available capacity 3µg /cm' is the mass
loading in drainage water. This amount of nitrate indicate the leaching of residual nitrate.
But when the irrigation water reaches below the root zone it contains the unused nitrate
fertilizer plus the residual nitrate in soil flow domain.
Therefore, in the case of nitrate leaching, the one-dimensional model also under-
estimates the amount of nitrate below the root zone. It is indicated from figure 4.12 that
even for 75% infiltration as percent of depletion, the two-dimensional model predicts
nitrate leaching in alternate furrow irrigation.
In the evaluation of alternate and every furrow irrigation with different furrow
spacing all the simulated results indicate that one-dimensional model under-estimates the
amount of water and nitrate leaching as compared to two-dimensional model given the
same amount of water applied.NITRATE LEACHING
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Figure 4.10:Nitrate leaching in one-dimensional and two-dimensional flow under
alternate furrow irrigation for 21% of available capacity.
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Figure 4.11:Nitrate leaching in one-dimensional and two-dimensional flow under
every furrow irrigation for 21% of available capacity.
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Figure 4.12:Nitrate leaching in one-dimensional and two-dimensional flow under
alternate furrow irrigation for 27% of available capacity.
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Figure 4.13Nitrate leaching in one-dimensional and two-dimensional flow under
every furrow irrigation for 27% of available capacity.
5CONCLUSIONS AND RECOMMENDATIONS
CONCLUSIONS
89
The following conclusion were derived from this study.
1. Leaching of water and solute will increase with the increase of furrow spacing and
with alternating furrow irrigation, even when irrigation is managed to refill the
rootzone to field capacity. To minimize leaching, furrow irrigation will need to be
managed differently than the presently recommended refilling of the soil to field
capacity.
2. A one-dimensional model always under-estimated the water and solute leaching
below the root zone in irrigated furrows as compared to two-dimensional model.
For standard furrow spacing and irrigation of every furrow the one-dimensional
model under-estimated leaching by a small amount, indicating that this might be
ignored in normal irrigation management. However, in the case of widely spaced
furrows the error becomes more significant, and where alternating furrow irrigation
is involved the error can be quite significant.
3. A two-dimensional model closely followed the pattern of water and solute
movement in furrow irrigation, and provided a good tool for analysis of furrow
irrigation. Useful insights were gained from the visual presentations of wetting
fronts and from the analysis of effective root zones made possible by SWMS.90
RECOMMENDATIONS
Recommendations for future work are:
1. The very low hydraulic conductivity of the sealing layer had a significant effect
on the performance of the SWMS_2D model, and made the model unusable where
high input volumes were required. Further development of SWMS_2D to deal with
this problem would be useful.
2. Continuation of this research to compare the performance of one and two
dimensional models should be done using deeper root zones and drier initial soil
conditions.91
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APPENDIX 1
Selector.in
*** BLOCK A: BASIC INFORMATION *****************************************
Heading
'Furrow Irrigation Test
LUnitTUnitMUnit(indicated units are obligatory for all input data)
'cm' 'day'
Kat (0:horizontal plane, 1:axisymmetric vertical flow, 2:vertical plane)
2
Max ItTolThTo1H(maximum number of iterations and tolerances)
20 .0005 0.1
1Wat'Chem CheckF ShortF FluxFAtrnInF SeepFFreeDDrainF
t t f t t t f t f
*** BLOCK B: MATERIAL INFORMATION
NMatNLayhTab 1hTabN NPar
3 3 .001 100000 9
thr the tha thm Alfa n Ks Kk thk
**************************************
0.1000.5400.1000.540.02756001.39957 129.60129.600.540
0.1000.5400.1000.540.02756001.39957 27.1227.120.540
0.1000.5400.1000.540.02756001.39957 2.402.400.540
***BLOCK C: TIME INFORMATION********************************************
dt dtMindtMax DMuIDMul2 MPL
.0001.000011. 1.33 .33 11
TPrint(1),TPrint(2),...,TPrint(MPL) (print-time array)
.1 .5 11.5 2 2.5 3 6 7 8 9
*** BLOCK D: SINK INFORMATION*********************************************
PO P2HP2L P3 r2H r2L
-10. -100.-800.-8000.0.5 0.1
POptm(1),POptm(2),...,POptm(NMat)
-25.-25. -25.
*** BLOCK G: SOLUTE TRANSPORT INFORMATION******************************
Epsi 1UpWlArtDPe Cr
0.5 t 0.
Bulk.d. Difus.Disper. Adsorp. SinkL1SinkS1SinkLOSinkSO
1.2735.0 5.01.00.0 0.0 0.0 0. 0.
1.2735.05.01.00.0 0.0 0.0 0. 0.
1.27 35.05.01.00.0 0.0 0.0 0. 0.
KodCB(1),KodCB(2),, KodCB(NumBP)
-1 -1 -1 -1 -1 -1 -1 -1-1-1 -1 -1 -1 -1 -1-1 -1-1-1-1-1-1 -1-1
-1 -1 -1 -1 -1 -1 -1 -1-1-1 -1 -1 -1 -1 -1-1 -1-1-1-1-1-1 -1-1
cTopcBot
1. 0. 0. 0. 1. 0.
tPulse
100
*** END OF INPUT FILE 'SELECTOR.IN' ******************************************98
Grid.in
*** NODAL INFORMATION ****************************************************
NumNP
360
nCodex
Num El
322
z h
IJ NumBP
15 48
Conc Q M BAxzBxzDxz
1 -6 .0060.00-2000.00.55E+02.00E+003 1.001.001.001.00
20 .0058.05-2000.00.55E+02.00E+003 1.001.001.001.00
30 .0056.10-1721.43.55E+02.00E+00 1 1.001.001.001.00
40 .0054.15-1442.86.55E+02.00E+00 1 1.001.001.001.00
50 .0051.55-1071.43.55E+02.00E+00 1 1.001.001.001.00
60 .0048.95-700.00.50E+02.00E+002 1.001.001.001.00
70 .0046.00-616.67.50E+02.00E+002 1.001.001.001.00
80 .0042.00-533.33.50E+02.00E+002 1.001.001.001.00
90 .0037.00-429.17.50E+02.00E+002 1.001.001.001.00
100 .0032.00-325.00.45E+02.00E+002 1.001.001.001.00
110 .0027.00-280.88.45E+02.00E+002 1.001.001.001.00
120 .0021.00-227.94.45E+02.00E+002 1.001.001.001.00
130 .0015.00-175.00.35E+02.00E+002 1.001.001.001.00
140 .008.00-162.50.35E+02.00E+002 1.001.001.001.00
15-3 .001.00-150.00.30E+02.00E+002 1.001.001.001.00
16-6 3.0060.00-2000.00.55E+02.00E+003 1.001.001.001.00
170 3.0058.05-2000.00.55E+02.00E+003 1.001.001.001.00
180 3.0056.10-1721.43.55E+02.00E+00 1 1.001.001.001.00
190 3.0054.15-1442.86.55E+02.00E+00 1 1.001.001.001.00
200 3.0051.55-1071.43.55E+02.00E+00 1 1.001.001.001.00
210 3.0048.95-700.00.50E+02.00E+002 1.001.001.001.00
220 3.0046.00-616.67.50E+02.00E+002 1.001.001.001.00
230 3.0042.00-533.33.50E+02.00E+002 1.001.001.001.00
240 3.0037.00-429.17.50E+02.00E+002 1.001.001.001.00
250 3.0032.00-325.00.45E+02.00E+002 1.001.001.001.00
260 3.0027.00-280.88.45E+02.00E+002 1.001.001.001.00
270 3.0021.00-227.94.45E+02.00E+002 1.001.001.001.00
280 3.0015.00-175.00.35E+02.00E+002 1.001.001.001.00
290 3.008.00-162.50.35E+02.00E+002 1.001.001.001.00
30-3 3.001.00-150.00.30E+02.00E+002 1.001.001.001.00
31-6 6.0061.20-2000.00.55E+02.00E+00 1 1.001.001.001.00
320 6.0059.07-2000.00.55E+02.00E+00 1 1.001.001.001.0099
Atmosph.in
*** BLOCK I: ATMOSPHERIC INFORMATION
SinkF qGWLF
t f
GWLOLAqh Bqh(if qGWLF=f then Aqh = Bqh =O)
0 0 0
tInit MaxAL (MaxAL = number of atmospheric data-records)
0 2
hCritS (max. allowed pressure head at the soil surface)
1.e30
tAtmPreccPrecrSoilrRoothCritArthtcrtcht cFurvFur(NFur)
***********************************
1 0 0 0 0.5 1000000000013.061.561.561.561.561.5
9 0 0 0 0.5 100000000000 00.000.000.000.000.0
*** END OF INPUT FILE 'ATMOSPH.IN' ****************************************100
Gener.in
******************************************************************************
AxisymetricFlow
AngleAnizlAniz2
0. 1. 1.
NLinNCoI
15 24
z(NLin) z-coordinate of bottom line
1
zSur(1), zSur(2),zSur(NCol) z-coordinates of the surface face
2*60 61.2
64.8 63.6
62.4
62.4
63.6 64.8
61.2 2*60
12*66
thickness of the deformed surface domain
20
INCREMENTS *****************************************************************
dx-array (number of items is NCol-1):
2*3.0 4*2.5 11*4 4*2.5 2*3.0
dz-array (number of items is NLin-1):
3*3.0 4*4.0 3*5.0 2*6.0 2*7.0
x1Rootx2Rootz1Rootz2Root
00 76 00 66
LINE ATTRIBUTS *************************************************************
Line NumberCode hInit ConeQMat NumBetaAxzBxzDxz
1 -4-2000.055. 0. 1 0. 1. 1. 1.
2 0 -2000.055. 0. 1 0. 1. 1. 1.
6 0 -700.050. 0.2 0. 1. 1. 1.
10 0 -325.045. 0.2 0. 1. 1. 1.
13 0 -175.035. 0.2. 0. 1. 1. 1.
15 -3-150.030. 0.2 0. 1. 1. 1.
END *************************************************************************